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Introduction {#sec001}
============

Japanese encephalitis virus (JEV) is a zoonotic flavivirus endemic in the Asian Pacific region. Transmission of JEV in endemic regions predominantly alternates between amplification hosts and *Culex tritaeniorhynchus* mosquitoes. Infected ardeid birds and pigs often develop high-titer viremia, which sustain subsequent transmission \[[@pntd.0005038.ref001]\]. Similar to West Nile virus, another member in the JEV serocomplex, JEV has been known to utilize multiple species of mosquitoes for transmission and maintenance in nature \[[@pntd.0005038.ref002]\]. In addition to the endemic vector *Cx*. *tritaeniorhynchus*, other species of mosquitoes have been demonstrated to be competent for transmission of JEV including: *Cx*. *fuscocephala*, *Cx*. *pipiens*, and *Cx*. *quinquefasciatus* \[[@pntd.0005038.ref003]--[@pntd.0005038.ref009]\]. In the process of its introduction to Australia, mainly in the northern islands, *Cx*. *annulirostris* was demonstrated to be a competent vector species for the first time \[[@pntd.0005038.ref010]\]. Additional species belonging to the genus of *Aedes*, *Anopheles*, and *Armigeres* are also susceptible to JEV infection \[[@pntd.0005038.ref002]\]. Although the majority of human infections are asymptomatic, childhood encephalitic diseases caused by JEV can often be lethal with a 20--30% mortality rate. Neurological disorders are reported in 30--50% of survivors \[[@pntd.0005038.ref011]\]. Several vaccines have been developed and used for childhood immunization programs, which have substantially reduced the disease burden in the late 20^th^ century \[[@pntd.0005038.ref012]\].

The evolution of JEV has led to at least five genotypes in epidemic and endemic regions in Asia. Strains in genotype III (GIII) have been reported to be the dominantly circulating genotype and associated with multiple outbreaks between 1935 and the 1990s in various countries; whereas, the first isolate of genotype I (GI) JEV strain did not occur until 1967 in Cambodia \[[@pntd.0005038.ref013]\]. In the last two decades, the GI strains have been more frequently isolated and have resulted in the displacement of GIII strains in several countries in East Asia \[[@pntd.0005038.ref014], [@pntd.0005038.ref015]\] such that GI and GIII strains have been continuously circulating in Asia since the 1990s. Based on the isolates collected between the 1960s and 1990s, GI strains can be divided into two distinct clades, GI-a and GI-b \[[@pntd.0005038.ref013], [@pntd.0005038.ref016]\]. Both GI-a and GI-b originated from the endemic Southeast Asia region but showed distinct dispersal patterns and epidemiological characteristics. GI-a strains were first found in Thailand and Cambodia with its subsequent spread to Australia. In contrast to the restricted geographic distribution of GI-a strains, the GI-b strains have rapidly dispersed throughout the majority of East Asia and are ultimately responsible for the displacement of the GIII strains. Although previously published phylogenetic data established our fundamental knowledge of viral genetics and epidemiology, our understanding of the mechanisms responsible for the emergence of GI strains is very rudimentary. To date, only phenotypic studies have been undertaken using *in vitro* cell culture models \[[@pntd.0005038.ref013]\]. A significant knowledge gap exists in the lack of experimental evidence derived from *in vivo* models to characterize the mechanism for genotype replacement.

Vector competence of various *Cx*. *quinquefasciatus* populations for JEV has been previously demonstrated by oral infection of GIII strains. Recently, our group has demonstrated that North American *Cx*. *quinquefasciatus* mosquitoes are competent vectors for the transmission of the JEV GIII Taira strain \[[@pntd.0005038.ref017]\]. *Cx*. *quinquefasciatus* mosquitoes from Asia, Australia, and Brazil have also been shown to be competent vectors of JEV \[[@pntd.0005038.ref003]--[@pntd.0005038.ref005]\]. Collectively, these studies have demonstrated that JEV can be transmitted by *Cx*. *quinquefasciatus*. Despite the rapid emergence of GI-b strains, it has not been established whether or not *Cx*. *quinquefasciatus* can transmit GI strains. To determine vector competence of *Cx*. *quinquefasciatus* for GI strains and gain further insight into the emergence of GI strains, three JEV strains, each representing GI-a, GI-b and GIII, were orally administered to *Cx*. *quinquefasciatus*. Our results demonstrate distinct phenotypic differences between GI-a and GI-b strains in mosquitoes and suggest the difference in infectivity in competent mosquito species may be a critical determinant contributing to the emergence of GI-b strains.

Materials and Methods {#sec002}
=====================

Cells and viruses {#sec003}
-----------------

African green monkey kidney Vero76 cells (source: Arthropod-Borne Animal Disease Research Unit, Agriculture Research Service, United States Department of Agriculture) and *Aedes albopictus* C6/36 cells (source: Arthropod-Borne Animal Disease Research Unit, Agriculture Research Service, United States Department of Agriculture) were maintained in L-15 media as previously described \[[@pntd.0005038.ref018]\]. C6/36 cells were used to propagate virus stocks subsequently used in oral infection experiments. Vero76 cells were used for the detection of infectious viruses in the homogenized mosquito samples using the tissue culture 50% infectious dose (TCID~50~) method. Based on the published phylogenetic analysis, three strains of JEV were chosen as representatives for GI-a, GI-b and GIII \[[@pntd.0005038.ref016], [@pntd.0005038.ref019]--[@pntd.0005038.ref021]\]. Strain KE-93-83 (source: existing virus culture collection in the laboratory of Dr. Alan D. T. Barrett, University of Texas Medical Branch) was used as a representative for GI-a. Prior to the study, it was passaged twice in Vero cells and once in C6/36 cells. Strain JE-91 (source: existing virus culture collection in the laboratory of Dr. Alan D. T. Barrett, University of Texas Medical Branch), originally isolated from mosquitoes collected in Korea in 1991 followed by one passage in Vero cells and one passage in C6/36 cells, was chosen as a representative for GI-b. The Taira strain (source: existing virus culture collection in the laboratory of Dr. Alan D. T. Barrett, University of Texas Medical Branch) originally derived from an infected human in an epidemic in Japan in 1948 represents GIII and was passaged twice in Vero cells. All three strains used in viremic blood meals were generated by a single passage in C6/36 cells at 28°C and harvested when greater than 80% of cytopathic effect was present.

Mosquitoes and *per os* infection {#sec004}
---------------------------------

*Culex quinquefasciatus* mosquitoes collected from Valdosta, GA (source: the laboratory of Dr. Mark Blackmore, Valdosta State University) were used in this study as previously described \[[@pntd.0005038.ref017]\]. Mosquitoes were maintained in 12\" cages with 10% sucrose ad libitum at 28°C. A 16hr:8hr light:dark photoregime was used for all experiments. For *per os* infection, eight-to-10-day-old female mosquitoes of generations below F~6~ were used. Prior to the infection, mosquitoes were deprived of sugar and water for 48 and 24 hours, respectively. Viremic blood meals were prepared by mixing virus stocks with defibrinated sheep blood (Colorado Serum, CO) and delivered through a Hemotek membrane feeding apparatus (Discovery Workshop) and cotton pledget for one hour. Mosquitoes were cold anesthetized on ice prior to sorting engorged mosquitoes. Three-to-5 engorged mosquitoes were immediately collected to assess the quantities of viruses ingested through the blood meals. Titers of viremic blood meals and three engorged mosquitoes are summarized in [Table 1](#pntd.0005038.t001){ref-type="table"}.
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###### Summary of the average titers of viremic blood meals and engorged mosquitoes; and infection, dissemination, and transmission rates.

![](pntd.0005038.t001){#pntd.0005038.t001g}

  JEV strains                                                                                         KE-93-83        JE-91           Taira
  -------------------------------------------------- ------------------------------------------------ --------------- --------------- ---------------
  Viremic blood meals (logTCID~50~/ml)                                                                7.99±0.41       8.13±0.72       8.36±0.53
  Engorged mosquitoes (logTCID~50~/ml)                                                                4.36±0.89       4.81±1.23       4.63±0.57
  Infection rate                                     7 d.p.i. [\*](#t001fn002){ref-type="table-fn"}   43.9% (18/41)   57.6% (19/33)   95.1% (39/41)
  14 d.p.i. [^ǂ^](#t001fn003){ref-type="table-fn"}   35.2% (19/54)                                    55.6% (25/45)   66.7% (44/66)   
  Dissemination rate                                 7 d.p.i.                                         23.1% (3/13)    30.0% (3/10)    8.3% (2/24)
  14 d.p.i.                                          16.7% (2/12)                                     28.6% (4/14)    32.1% (9/28)    
  Transmission rate                                  14 d.p.i.                                        5.3% (1/19)     8.0% (2/25)     6.8% (3/44)

Titers are shown as average titer ± standard deviation.

\* indicates there was a significant difference between at least two of the three strains (*χ*^2^ = 25.49, *df* = 2, *p* \< 0.05). Tukey-type multiple comparison showed the significantly higher infection rate was observed in mosquitoes infected by Taira strain than those infected by KE-93-83 strain and JE-91 strain.

^ǂ^ indicates there was a significant difference between at least two of the three strains (*χ*^2^ = 11.95, *df* = 2, *p* \< 0.05). Tukey-type multiple comparison showed the significantly higher infection rate was observed in mosquitoes infected by Taira strain than those infected by KE-93-83 strain.

Mosquitoes were collected at 7 and 14 days post-infection (d.p.i.) by mechanical aspiration. Dissections were performed to separate the body (abdomen) section and secondary tissues (head, wings, and legs) of individual mosquitoes. Whole mosquitoes were also collected to assess the growth kinetics. All tissue samples were collected in 1ml L-15 medium supplemented with amphotericin B and sodium deoxycholate at 1 and 0.8 μg/ml, respectively. Homogenization and titration of samples were performed using previously published methods \[[@pntd.0005038.ref018]\].

At 14 d.p.i., saliva of each mosquito was collected prior to dissection \[[@pntd.0005038.ref018]\]. Viral RNA was extracted with the QIAamp viral RNA extraction kit (Qiagen) and reverse transcribed by Superscript III reverse transcriptase (Life Technologies) with the reverse primer (Integrated DNA Technologies) prMR3 (5\'-CATGAGGTATCGCGTGGC-3\'). cDNA was amplified by Taq DNA polymerase (New England BioLabs) using the semi-nested PCR cycles described by Johansen *et al*. \[[@pntd.0005038.ref022]\]. Primer sets target the conserved region between the capsid and pre-membrane genes. The outer set of primers were forward primer FV128 (5\'-CCGGGCTGTCAATATGCT-3\') and reverse primer prMR3. The inner set of primers were forward primer FV128 and reverse primer JE659 (5\'-CACCAGCAATCCACGTCCTC-3\').

Statistical analysis {#sec005}
--------------------

Infection status of orally challenged mosquitoes was determined by the detection of infectious viruses from homogenized samples. Infection rate was calculated by dividing the number of infected mosquitoes over the number of mosquitoes tested. Disseminated infection was defined by the detection of infectious viruses from homogenized secondary tissues among dissected mosquitoes. Dissemination rates were determined by the numbers of dissected mosquitoes containing positive secondary tissues divided by the number of infected mosquitoes dissected. Viral transmission was demonstrated by the presence of viral RNA in the saliva detected by semi-nested RT-PCR. Transmission rate was calculated by dividing the numbers of mosquitoes containing positive saliva by the numbers of infected mosquitoes. Infection, dissemination and transmission rates were compared among three JEV strains tested by Chi-square test or Fisher's exact test coupled with a Tukey-type multiple comparison test. Analysis of growth kinetics was performed by comparing the titers of whole mosquitoes collected at 7 and 14 d.p.i. with Friedman's two-way nonparametric analysis of variance. All statistical analyses were conducted using the SAS (Statistical Analysis System) software (version 9.4, Cary, NC).

Results {#sec006}
=======

Infection of JEV Japanese encephalitis virus in *Culex quinquefasciatus* {#sec007}
------------------------------------------------------------------------

Infection data following oral challenge with different JEV strains are summarized in [Table 1](#pntd.0005038.t001){ref-type="table"}. At 7 d.p.i., there was a significant difference in the infection rates among the three strains tested (Chi-square = 25.49, df = 2, *p*\<0.001) with the highest infection rate observed in mosquitoes exposed to the GIII Taira strain (95.1%, 39/41) and the lowest infection rate observed among mosquitoes exposed to the GI-a KE-93-83 strain (43.9%, 18/41). The infection rate of the GIII Taira strain group was also significantly higher than the infection rate of the GI-b JE-91 strain (57.6%, 19/33). No statistical difference was found in the infection rates between the KE-93-83 strain and the JE-91 strain.

Infection rates for the three JEV strains were significantly different at 14 d.p.i. (Chi-square = 11.95, df = 2, *p* = 0.003). The two representatives of the endemic genotypes GI-b and GIII showed no statistical difference; the JE-91 strain (55.6%, 25/45) and the Taira strain (66.7%, 44/66). Interestingly, the representative of the non-endemic GI-a, the KE-93-83 strain, maintained the lowest infection rate among the three strains. Tukey type multiple comparison showed a significantly lower infection rate (35.2%, 19/54) than the Taira strain (*p*\<0.05). Overall, the KE-93-83 strain, the representative strain of non-endemic GI-a, showed the lower infectivity than the other two strains, which are the strains representing the endemic GI-b and GIII.

Dissemination of Japanese encephalitis virus in infected mosquitoes {#sec008}
-------------------------------------------------------------------

Based on the observation that JEV strains can successfully establish infections, we investigated whether or not the infection will ultimately lead to viral dissemination. Titration of secondary tissues demonstrated that infection of all three strains led to dissemination ([Table 1](#pntd.0005038.t001){ref-type="table"}). There were no statistical differences in the dissemination rates among the three strains tested at 7 d.p.i. (Fisher's Exact test, *p* = 0.231) or 14 d.p.i (Fisher's Exact test, *p* = 0.664). At 7 d.p.i., the dissemination rate of the KE-93-83 strain was 23.1% (3/13). Comparable dissemination rates were observed among the mosquitoes infected by the JE-91 strain (30.0%, 3/10) and the Taira strain (8.3%, 2/24). Dissemination rates were also similar at 14 d.p.i. among the KE-93-83 strain (16.7%, 2/12), the JE-91 strain (28.6%, 4/14), and the Taira strain (32.1%, 9/28). The results suggest that all three JEV strains in this study were able to disseminate into secondary tissues after the establishment of infection.

Detection of viral RNA in mosquito saliva {#sec009}
-----------------------------------------

Detection of JEV viral RNA in the saliva of virus-infected mosquitoes was achieved by semi-nested RT-PCR indicating the capacity of viral transmission among *Cx*. *quinquefasciatus* tested in this study as shown in [Table 1](#pntd.0005038.t001){ref-type="table"}. Among the mosquitoes infected by the KE-93-83 strain, 5.3% (1/19) of saliva samples tested were positive for the presence of JEV viral RNA. Similar results were also observed in mosquitoes infected by the JE-91 strain (8.0%, 2/25) and the Taira strain (6.8%, 3/44). There was no demonstrable difference in the transmission rates among the three strains tested in this study (Fisher's Exact test, *p* = 0.999) indicating North American *Cx*. *quinquefasciatus* can serve as competent vectors for GI-a, GI-b and GIII JEV strains.

Replication kinetics of JEV in infected mosquitoes {#sec010}
--------------------------------------------------

As dissemination and transmission require viral replication in various tissues in infected mosquitoes, the replication kinetics of three JEV strains was analyzed by the titration of infected whole mosquitoes. The results are summarized in [Fig 1](#pntd.0005038.g001){ref-type="fig"}. At 7 d.p.i., the average virus infectivity titer in mosquitoes infected by the KE-93-83 strain was 3.5 logTCID~50~/ml (*n* = 5) whereas for the JE-91 and Taira strains it was 2.8 (*n* = 9) and 3.5 (*n* = 15) logTCID~50~/ml, respectively. The average infectivity titer in mosquitoes infected by the KE-93-83 strain at 14 d.p.i. was 3.1 logTCID~50~/ml (*n* = 7) while the JE-91 and Taira strains maintained average titers of 2.8 (n = 9) and 3.5 (*n* = 37) logTCID~50~/ml, respectively. Friedman's two-way nonparametric analysis of variance showed there was no significant difference in the average titers of infected mosquitoes among the three different strains (*p* = 0.174) at 7 or 14 d.p.i.

![Viral titers of JEV-infected mosquitoes at 7 (A) and 14 (B) days post infection.\
The horizontal bar represents the average titers of whole mosquitoes infected by each strain of JEV.](pntd.0005038.g001){#pntd.0005038.g001}

Discussion {#sec011}
==========

Our observations improve our understanding of the potential for the establishment of enzootic transmission cycles by the GI-b strains of JEV in North America. Although the GI-b strains have gradually become the dominant genotype in Asia, since 1990s, there is no information available to assess the risk of it establishing enzootic transmission cycles in North America or other regions, where JEV has not been reported. Our results support the potential role of North American *Cx*. *quinquefasciatus* as a competent vector for the newly emerging GI-b strains. With the additional evidence showing that North American avian species can develop viremia after being challenged with a GI strain \[[@pntd.0005038.ref023]\], it is reasonable to conclude that JEV remains as an important human and veterinary public health threat after the shift of the dominant genotype from GIII to GI-b.

To the best of our knowledge, this is also the first report identifying phenotypic difference among different JEV genotypes *in vivo*. Significantly higher infection rates were observed at 7 and 14 d.p.i. in *Cx*. *quinquefasciatus* challenged by endemic GI-b and GIII strains of JEV; whereas, the non-endemic GI-a strain consistently showed significantly lower infection rates. Because *Cx*. *quinquefasciatus* does not belong to the *Cx*. *vishnui* complex, which is more directly related to the endemic transmission of JEV in nature, the results should be interpreted with caution. However, the importance in characterizing JEV in *Cx*. *quinquefasciatus* should not be overlooked because of its role as a source of JEV isolates in nature and the published evidence demonstrating its vector competence for JEV in multiple laboratory studies \[[@pntd.0005038.ref003], [@pntd.0005038.ref008], [@pntd.0005038.ref017], [@pntd.0005038.ref024]--[@pntd.0005038.ref026]\]. Given the anticipated high mortality from transporting eggs of *Cx*. *tritaeniorhynchus* from Asia \[[@pntd.0005038.ref013]\], using *Cx*. *quinquefasciatus* is an acceptable substitute for characterization of JEV *in vivo*. The results suggest that endemic GI-b and GIII strains of JEV are more infectious to *Cx*. *quinquefasciatus* through oral infection than GI-a strains, which have not become endemic since its emergence. This finding agrees with the epidemiological observations and directly contributes to much needed knowledge as to why GI-b strains of JEV can emerge after continuous evolution.

Previously, superior multiplication kinetics were reported for the GI-b JE-91 strain in C6/36 *Ae*. *albopictus* cells compared to GIII Tiara with GI-a KE-93-83 having the lowest multiplication kinetics of the three virus strains. It was suggested this might result in a selective advantage explaining the emergence of GI-b strains and the subsequent displacement of GIII strains \[[@pntd.0005038.ref013]\]. An alternative hypothesis that could explain the emergence of the GI-b strains is the subtle difference in the amino acid sequences in the NS5 RNA-dependent RNA polymerase between the GI and GIII strains may result in an increase in replication efficiency \[[@pntd.0005038.ref027]\]. These two hypotheses are not mutually exclusive, but previous studies showed the three virus strains had indistinguishable multiplication kinetics in Duck embryo fibroblast cells \[[@pntd.0005038.ref013]\]. A comparative analysis of the multiplication kinetics of the GI-b and GIII strains was previously performed in North American avian species and demonstrated that multiplication kinetics of the GI-b strain was at least as high as the GIII strain and in most cases multiplied to higher titer \[[@pntd.0005038.ref023]\]. Detection of viremia in North American avian species suggests the possibility of establishment of enzootic transmission by providing sources of infectious blood meals for competent mosquitoes. Higher viremic titer in infected avian species caused by the GI-b strain further suggests the newly emerging GI-b strains can have higher epidemic potential than the previously dominant GIII strains. Our 14 d.p.i oral infection data for *Cx*. *quinquefasciatus* in this study showed the GI-b strain was as infectious and disseminated similarly to the GIII strain whereas the GI-a strain did not. Multiplication kinetics between the GI-b strain and GIII strain also did not differ significantly and subsequently resulted in different titers of infected mosquitoes. The lack of a distinguishable difference between the GI-b and GIII strains in our study may be due to the difference between the *in vitro* and *in vivo* experimental conditions utilizing C6/36 cells and orally infected *Cx*. *quinquefasciatus*, respectively. Therefore, with respect to mosquito data, we did not observe a selective advantage of the GI-b strains over the GIII strains and so cannot conclude the displacement of the GIII strains by the GI-b strains in various endemic countries is due to differences in infectivity for vectors, rather enhanced infection of mosquitoes by GI-b compared to GI-a viruses together with higher viremias than GIII viruses in birds may have led to the selective advantage of the GI-b viruses.

Through *per os* infection, our and others' studies demonstrated *Cx*. *quinquefasciatus*, which is commonly present in the sub-tropical region of the American continent, can be competent enzootic vectors for members of the JEV serocomplex such as Saint Louis encephalitis virus (SLEV) and West Nile virus (WNV) \[[@pntd.0005038.ref028], [@pntd.0005038.ref029]\]. In contrast to our observation on the infection of endemic JEV strains in *Cx*. *quinquefasciatus*, oral ingestion of WNV resulted in comparable or significantly higher infection and dissemination rates regardless of genotypes used in the studies \[[@pntd.0005038.ref028], [@pntd.0005038.ref030]--[@pntd.0005038.ref035]\]. Similar to our observations on endemic strains of JEV in this study, previously published studies also demonstrated strains of SLEV with higher epidemic potential are more infectious than non-epidemic strains when orally delivered to *Cx*. *quinquefasciatus* collected from Argentina \[[@pntd.0005038.ref029]\]. A more recently published study also demonstrated the difference in infectivity between genotype III and V of SLEV in *Cx*. *quinquefasciatus* \[[@pntd.0005038.ref036]\]. Based on the infection study performed with *Cx*. *quinquefasciatus* collected from Gainesville, FL, the higher infection rate of SLEV (93--100%) was achieved with relatively low viremic titers compared to JEV challenged at higher viral titers in this study. However, there was no distinguishable difference between SLEV and endemic strains of JEV in the capacity for dissemination into secondary tissues from the infected midguts \[[@pntd.0005038.ref028]\].

In addition to the evidence supporting the potential role of *Cx*. *quinquefasciatus* as a competent vector, it is important to keep in mind that there are multiple species of mosquitoes found in North America, which have been previously demonstrated to be competent for the transmission of JEV and other related flaviviruses \[[@pntd.0005038.ref037]\]. As observed with the process of WNV becoming endemic in North American since 1999, it is certainly favorable for arboviruses to utilize multiple species of mosquitoes as enzootic vectors in order to establish its transmission cycles and achieve viral maintenance in adverse climatic conditions, especially winter \[[@pntd.0005038.ref038], [@pntd.0005038.ref039]\]. Further evaluation on other medically important *Culex* species mosquitoes will be critical for understanding the relative risk of the introduction of JEV and the establishment of its enzootic transmission cycles.

The research was performed at Kansas State University's Biosecurity Research Institute ACL-3 insectaries.
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